In contrast to wild-type seeds of Arabidopsis thaliana and to seeds deficient in (aba) or insensitive to (abi3) abscisic acid (ABA), maturing seeds of recombinant (aba,abI3) plants fail to desiccate, remain green, and lose viability upon drying. These double-mutant seeds acquire only low levels of the major storage proteins and are deficient in several low mol wt polypeptides, both soluble and bound, and some of which are heat stable. A major heat-stable glycoprotein of more than 100 kilodaltons behaves similarly; during seed development, it shows a decrease in size associated with the abI3 mutation. In seeds of the double mutant from 14 to 20 days after pollination, the low amounts of various maturation-specific proteins disappear and many higher mol wt proteins similar to those occurring during germination are induced, but no visible germination is apparent. It appears that in the aba,abI3 double mutant seed development is not completed and the program for seed germination is iniffated prematurely in the absence of substances protective against dehydration. Seeds may be made desiccation tolerant by watering the plants with the ABA analog LAB 173711 or by imbibition of isolated immature seeds, 11 to 15 days after pollination, with ABA and sucrose. Whereas sucrose stimulates germination and may protect dehydration-sensitive structures from desiccation damage, ABA inhibits precocious germination and is required to complete the program for seed maturation and the associated development of desiccation tolerance.
The significance of ABA for seed development has been probed by the analysis ofABA-deficient (aba) and -insensitive (abi) mutants ofArabidopsis thaliana. Thus, it was established that ABA is required for the induction of dormancy, which is instrumental in the prevention ofprecocious germination (16, 20) . Seeds of the aba and abi mutants showed normal seed development and subsequent maturation and water loss. Similar observations were made during the analysis of the ABAdeficient sitiens mutant oftomato (1 1; S.P.C. Groot and C.M. Karssen, unpublished data). In both species, fertilization of the ABA-deficient mutant with wild-type pollen restricted ABA to the zygotic tissues of the developing seeds (11, 16) and inhibited precocious germination. Thus, it was proven that embryonic ABA plays the major role in seed development (17) . ' Present address: Department of Virology, Agricultural University, Binnenhaven 11 , 6709 PD Wageningen, The Netherlands. 2 Present address: Department of Botany, Punjab Agricultural University, Ludhiana 141004, India.
In wild-type seeds, ABA of maternal origin dominates quantitatively but has no significant function in development. Mutants ofA. thaliana displaying reduced sensitivity to ABA as a result of a mutation at the abil or abi2 locus have a phenotype similar to that of the aba mutant and also exhibit wilting of vegetative tissues. However, mutants at the abi3 locus, although showing reduced sensitivity to ABA in the inhibition of germination, do not exhibit increased wilting (21) and are only slightly less responsive to ABA with respect to effects on seedling growth (9) . When ABA deficiency and insensitivity are combined into aba,abil or aba,abi2 mutant plants, wilting is much more serious, but no additional phenotypic effects are seen (9) . In contrast, the recombinant of the abi3 mutation with aba exhibits aberrant seed development: the seeds fail to desiccate at the normal time, remain green until ripe, and lose viability upon drying (19) . Isolation of developing seeds and incubation in water lead to the rapid protrusion of the radicle. When kept at high RH, these seeds can survive and give rise to new plantlets. Under ambient conditions, however, radicle elongation soon stops and seedlings do not emerge. These observations prove that the ability of seeds to desiccate and survive depends on the perception of very low concentrations of ABA.
It was shown previously that recombinant aba,abi3 seeds did not form the late abundant 2S and 12S storage proteins (21) . Likewise, other proteins necessary for the completion of seed development might not be synthesized in this double mutant. Apart from the deposition of storage proteins, ABA has been shown to induce mRNAs and proteins associated with desiccation tolerance in isolated embryos of wheat (26), barley (2) , and maize (3). Moreover, ABA-induced proteins are associated with protection to drought stress in leaves (8, 28) . Thus, proteins of the double mutant at different stages of seed development were analyzed to determine whether the reduced ABA content and action are associated with the absence of specific proteins that may play a role in desiccation tolerance.
MATERIALS AND METHODS Collection of Developing Seeds
Wild-type Arabidopsis thaliana (Landsberg erecta) and homozygous aba (A26) and abi3 (CIV) mutants were the same as described previously (20, 21) . Homozygous aba,abi3 double mutants were selected from crosses within a population heterozygous for ABA deficiency (19) . Individual seeds were placed in pots in a mixture of nutrient-rich soil, perlite, and sand (3:1:1) and grown in a greenhouse at high RH (18) and centrifuged for 2 min. To minimize losses, the buffer phase was reextracted with 0.5 volume of phenol mix, whereas to the phenol phase 0.5 volume extraction buffer was added, and the procedure was repeated. Both phenol phases were combined, 5 volumes of 10% TCA in 100% acetone were added, and the proteins were precipitated overnight at -20'C. After centrifugation, the pellet was washed four times with 80% acetone and dried in vacuum. The dried pellet was dissolved either in SDS sample buffer (10 mM Tris-HC1, I mm EDTA [sodium salt], 10% glycerol, 2% SDS, and 5% 2-mercaptoethanol [pH 8 .0], containing a trace of bromophenol blue) or in IEF sample buffer (9.5 M urea, 5% (v/ v) 2-mercaptoethanol, 2% Nonidet P-40, and 2% Pharmalytes 5-8 or 3-10) for protein analysis.
The pellet originating from the homogenization in protein extraction buffer and containing the bound proteins was washed twice with the extraction buffer and resuspended in SDS sample buffer. After centrifugation, the supernatant was boiled for 5 min and centrifuged again. The resulting supernatant was used directly for SDS-PAGE or treated further for IEF. For IEF, samples were precipitated with TCA-acetone as described above. The precipitated proteins were dissolved in IEF sample buffer. All samples were stored at -20C until analysis.
Heat-stable proteins were obtained by heating the homogenates in extraction buffer at 100IC for 10 min. After centrifugation, the supernatant was treated with phenol mix as described above. The amounts of protein present in the samples were determined according to the method of Bradford (4).
Electrophoretic Analyses
Samples in SDS sample buffer were separated on a 12.5% (w/v) polyacrylamide gel slab according to the method of Laemmli (22) . 2D-PAGE was performed according to the method of O'Farrell (25) with minor modifications, as described by Van Telgen and van Loon (29). In the first dimension, IEF extended from either pH 5 to 8 or 3 to 10, and a 12.5% polyacrylamide-SDS gel slab was used in the second dimension. Reproducibility was optimized, gels were stained with Coomassie blue or silver, and patterns were analyzed as described in detail by Klerk and van Loon (18) . The 2S and 12S storage protein polypeptides were identified as described earlier (19) . Staining for glycoproteins with periodic acidsilver was essentially as described by Dubray and Bezard (6) .
RESULTS

Analysis of Soluble Proteins
Phenol-soluble proteins were analyzed from developing seeds of wild-type, aba and abi3 single mutants, and the aba,abi3 double mutant at 8, 14, and 20 dap. Only slight quantitative differences were apparent between the four genotypes at the earliest stage. As evidenced from Coomassie blue-stained gels, by day 14 storage protein polypeptides had accumulated in wild-type, aba, and abi3 seeds, and other low mol wt proteins in the range of 15 to 20 kD had become more conspicuous (Fig. 1) . These Figure 1 , the relative complexity of the pattern of the double mutant was not primarily due to the low amount of storage protein present, as evidenced by analyzing patterns resulting from application ofa range ofprotein concentrations (data not shown). In addition, the total amount of phenol-soluble proteins recovered from the aba,abi3 double mutant was about half that from the wildtype or the aba mutant. Proteins in the abi3 mutant were reduced by about 20% (Table I) .
Changes in the protein patterns were further analyzed by 2D-PAGE. A complex pattern of proteins with molecular masses to >100 kD and pl values ranging from 5 to 8 was revealed. Virtually no additional spots were apparent when IEF was extended from pH 3 to 10 (cf Fig. 4A) . Because of the silver stain used, storage protein polypeptides were less intense but stood out as a result of their golden yellow color. As shown in Figure 2 (A-C) , the wild-type polypeptides with molecular masses particularly in the range of 20 to 35 kD increased substantially in intensity during seed development, whereas several spots in the range of 35 to 60 kD were reduced in intensity or seemed to be lost. The relevant spots are depicted schematically in Figure 3 .
Similar changes were seen during development of the seeds of the aba and the abi3 mutants (data not shown). However, in the double mutant, hardly any increase occurred in the pattern in the 20 to 35 kD region, but the pattern in the 35 to 70 kD range became substantially more complex (Figs. 2,  D-F, and 3) . Because by 20 dap double-mutant seeds have acquired the ability to immediately start germination when sufficient moisture is present within the siliques, it was envisioned that additional spots present in the latter region might be related to germination. Indeed, compared with the pattern of wild-type seeds 20 dap (Fig. 4B) , the pattern of doublemutant seeds (Fig. 4A ) strongly resembled that ofprecociously germinated wild-type seeds at the same stage of development (Fig. 4C) or after-ripened wild-type seeds 2 d after germination (Fig. 4D) (Fig. 5B) . By 20 dap, wild-type seeds had accumulated heat-stable proteins of 29, 33, 60, 65, and >100 kD. The extent of accumulation was similar for the abi3 mutant but less so in the aba mutant. With the exception of the >100 kD protein, these proteins did not appear in the double mutant (Fig. 5B) .
The >100 kD polypeptide formed a major band among the accumulating heat-stable proteins. However, its size seemed to vary. Whereas its apparent mol wt was identical and did not change during seed development in the wild-type and the aba mutant, its size was slightly reduced when it first appeared in the abi3 and double mutant and further reduced from 14 to 20 dap in these seeds. Staining for glycoproteins (Fig. 5C ) revealed that this polypeptide is the major glycoprotein present in developing Arabidopsis seeds. These observations indicate that the abi3 mutation influences the processing of a glycoprotein of >100 kD. Moreover, this glycoprotein is almost completely lost from double-mutant seeds from 14 to 20 dap, concomitantly with the accumulation ofgerminationspecific polypeptides.
Induction of Desiccation Tolerance in Double-Mutant Seeds
Throughout development, seeds of the aba,abi3 double mutant readily germinated in water (Fig. 7) but lost viability when dried for 2 d at 24°C in the dark (0% germination; not shown). As a result of leakiness of the abi3 mutation (19) , germinability and desiccation tolerance were acquired by application ofthe ABA analog LAB 17371 1 to the plants (Fig.  7) . Such treatment largely restored the protein pattern of the seeds to that of the wild type: storage proteins accumulated, low mol wt proteins became more conspicuous, and the complexity of the pattern in the higher mol wt region was reduced (Fig. 8) . Thus, LAB 173711 treatment of the plants at the time of seed development restored both the protein pattern and desiccation tolerance.
To determine whether the desiccation intolerance of double-mutant seeds was due to imbibitional damage during rehydration, seeds harvested 20 dap and left to dry for 2 d were slowly rehumidified in moist conditions before testing germination. No germination occurred when incubation took place at room temperature, but up to 15% of the seeds germinated after rehumidification for 6 h at 4°C. Thus, only a small percentage of the seeds were rescued, indicating that impairment offactors before water uptake must be significant. To allow possible repair mechanisms to operate more fully, the rate of germination was slowed by application of ABA and/or osmotic treatments to freshly harvested seeds before drying. ABA was ineffective in inducing dormancy in doublemutant seeds 20 dap. However, seeds 11 to 15 dap, which had acquired full germinability in water (Fig. 7) , showed responsiveness to ABA and were exploited to determine whether the substances could protect them from dehydration damage. Seeds were incubated for 2 to 4 d in the various solutions, left to dry for 1 to 4 d at 24°C, and reimbibed in germination-stimulating GA4,7.
In the first experiment, shown in Table II , ABA by itself did not protect against desiccation. Osmotic treatments with 3% sucrose or glucose were ineffective becausethey stimulated germination of the seeds during the pretreatment. Higher '.. concentrations of the sugars did prevent germination but induced vitrification and loss of viability due to their osmotic effects. Osmotic pretreatment with PEG or mannitol allowed dehydration of some of the seeds, leading to 10 and 22%, respectively, of viable plantlets. These values were not increased in the presence of ABA. In contrast, pretreatment with ABA in the presence of 3% glucose and, even more so, sucrose maintained viability of a large percentage of the seeds. In subsequent experiments with seeds from different batches of plants and harvested at different times of the year, viability after desiccation was retained to different extents as a result of the pretreatments. Notably, pretreatment of the seeds with ABA alone often proved highly effective, allowing up to 80 and 100% survival at concentrations of 10 and 100 uM, respectively. Thus, developing seeds isolated from untreated plants can acquire desiccation tolerance by treatment with ABA, or ABA and sugars, before drying. Upon germination, the resulting plantlets developed normally into fully fertile seedlings.
DISCUSSION
Development of desiccation tolerance in Arabidopsis seeds occurs when only minute amounts of ABA are perceived, because only a combination of ABA deficiency and insensitivity in seeds of the aba,abi3 double mutant caused a reduced water loss and the loss of viability upon drying. In contrast, all single mutants developed normally; they only showed reduced dormancy and inhibitory effects of applied ABA on germination and seedling growth, indicating that these responses are less sensitive to the hormone. Thus, biochemical differences found between the double mutant, on the one hand, and the wild-type and single mutants, on the other hand, are likely to be associated with the lack of desiccation tolerance in the former.
In spite of many investigations (8, 23, 28) , the mechanism of desiccation tolerance has not been elucidated. Dehydration increases the transition temperature of the phospholipids in membranes, resulting in the formation of gel phase domains (5 .. Moreover, immature seeds at this stage became desiccation tolerant when incubated in a high concentration of ABA or lower concentrations of ABA and sugars, particularly sucrose. Whereas sucrose stimulated germination, ABA seemed to be required for the development of desiccation tolerance. Simple sugars such as sucrose can also protect membranes by replacing bound water molecules during dehydration (5) . Thus, the effect of the sucrose may be ascribed to its functioning as a readily accessible reserve, as well as a protective substance. Recently, high concentrations of sucrose were reported in naturally developing rape seeds and wheat embryos and considered to confer protection against desiccation damage (7, 24) . Because in the Arabidopsis double mutant high concentrations of ABA eliminated the need for added sucrose, it is possible that one of the actions of ABA is the stimulation of the formation or release of protective sugars in the isolated immature seed. The requirement for sucrose in some expenments, but not in others, could be explained by varying contents of endogenous sugars present at the time of harvest in different batches of seeds. The possible relationship among ABA, proteins, and sugar metabolism is currently being further explored.
